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Introduction
Atmospheric rivers (ARs) have emerged as a focus of many global hydrometeorological studies and applications . These corridors of enhanced integrated water vapor (IWV) and IWV transport (IVT) accompany landfalling Pacific winter storms in the western United States (among other worldwide locations; American Meteorological Society 2017). Often, ARs are linked to meteorological events that can produce societal impacts from extreme precipitation (e.g., Ralph et al. 2010; Lamjiri et al. 2017) , extreme winds (Waliser and Guan 2017) , avalanches (Hatchett et al. 2017) , floods (Ralph et al. 2006) , flash floods and debris flows Young et al. 2017) , and shallow landslides (Oakley et al. 2018) .
A recent example of the concurrence of a landfalling AR and high-impact weather in California occurred on 20-23 March 2018. During this period, a corridor of enhanced IWV >40 mm and IVT magnitudes >750 kg m -1 s -1 along an AR in the warm sector of an extratropical cyclone over the northeast Pacific (Figs. 1a, b) produced regions of 72-h precipitation totals >200 mm at locations south of Big Sur and over the northern Sierra Nevada in California (not shown). This landfalling AR resulted in the issuance of hundreds of National Weather Service (NWS) Watches, Warnings, and Advisories (WWAs) for high-impact weather in California related to winter storms, floods, severe weather, and wind over the fourday period, including >100 WWAs valid during 22 March 2018 (Fig. 1c) .
The primary objectives of this study are to quantify Cordeira et al. NWA Journal of Operational Meteorology 14 December 2018 and illustrate the relationship between landfalling ARs and the potential for high-impact weather events in California by comparing a catalog of landfalling ARs to a 10-year geospatial catalog of WWAs issued by the NWS. This relationship is explored temporally and spatially via two goals: (1) Assess the propensity for a WWA to occur on the same day as a landfalling AR and (2) Assess the propensity for a landfalling AR to occur on the same day as a WWA.
Data and methods
This study focuses on WWAs issued by the NWS over California for a 10-calendar-year period between Fig. 2 ). The former five WFOs are referred to as northern California (NCA) WFOs whereas the latter five WFOs are referred to as southern California (SCA) WFOs, similar to the methods of Young et al. (2017) . The WWAs issued across all 10 WFO CWAs (which cover an area larger than the state of California) are clipped to the geometry of California and assigned to NWS Public Forecast Zones (i.e., an NWS-designated geographic region within a CWA) using ESRI ArcMap 10.3.1. Most WWAs are already assigned a Public Forecast Zone; however, some WWAs are issued for Public Forecast Zones that have since merged or been dissolved, and some WWAs are issued as storm-relative polygons (e.g., flash flood, tornado). These WWAs are assigned to a current Public Forecast Zone if their geographic areas overlap by ≥100 km 2 using the ESRI NAD83 California 0403 projection; a large polygon WWA can therefore impact multiple Public Forecast Zones. Finally, a "WWA catalog" is created from both new ("NEW") or upgraded ("UPG") WWAs and their event beginning date for eight precipitationand hydrologic-related phenomena types typically associated with landfalling ARs: flash floods, floods, areal floods, coastal floods, snow, blizzards, winter storms, and winter weather. The former four phenomena are referred to as "liquid" WWAs, whereas the latter four phenomena are referred to as "frozen" WWAs. Definitions for each of the WWA types can be accessed through the NWS Reference Guide (NWS 2011) . Note that the criteria associated with the issuance of a WWA, especially for issuance of precipitation-derived WWAs (e.g., winter storms and winter weather) do vary across Public Forecast Zones based on local climatology.
The WWA catalog is compared to an "AR catalog" that is constructed from days with landfalling ARs produced by Rutz et al. (2014) . The AR catalog identifies ARs as locations with IVT magnitudes ≥250 kg m -1 s -1 that are ≥2,000 km in length every three hours for 1980-2017 using the National Aeronautical and Space Administration (NASA) Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2) Reanalysis dataset on a global 0.5° latitude × 0.625° longitude resolution grid (Rienecker et al. 2011) . A landfalling AR day in this study is defined if any of the three-hour times on a given UTC calendar day satisfy the IVT magnitude and length criteria mentioned above. The grid points from the AR catalog used in this study span every 1° latitude between 42°N and 32°N at locations that lie immediately to the west of the California coast (Fig. 2) . Concurrence of WWAs and landfalling ARs is quantified based on whether they overlap in time and space. This relationship is explored both from a "WWA perspective" and from an "AR perspective." The WWA perspective identifies what fraction of WWA days occur concurrently with an AR day, whereas the AR perspective identifies what fraction of AR days occur concurrently with a WWA day. This identification is performed over California, NCA, or SCA, whereby WWAs over each respective region are compared to landfalling ARs at any of the 11 coastal locations, the six northern coastal locations, or the six southern coastal locations, respectively. Note that the aforementioned six locations overlap the central latitude and longitude location 
Analysis a. WWA statistics
The results in this section focus on 36 877 WWAs on 809 unique days associated with the eight liquid or frozen WWAs (Table 1) . A large majority (71%) of the WWAs occurred in association with a flash flood or areal flood, and a minority (28%) of the WWAs occurred in association with a winter storm or winter weather. The northern five WFOs issued 14 119 WWAs on 506 unique days and the southern five WFOs issued 22 758 WWAs on 655 unique days. Note that the total of the two regions is >809 days because they have overlapping days. Also, the use of "number of WWAs" includes double-counting particular hazards if a watch was issued initially and subsequently upgraded to a warning, whereas the use of "WWA days" only considers whether or not at least one hazard was headlined (i.e., issued at least one WWA). Northern WFOs issued 82% more frozen WWAs as compared to southern WFOs, whereas southern WFOs issued 157% more liquid WWAs as compared to northern WFOs. The latter occurred primarily in association with the 18 943 WWAs issued for flash floods and areal floods.
The aforementioned statistics suggest that a majority of WWAs in SCA are issued in association with rain events, whereas a majority of WWAs in NCA are issued in association with snow or winter storm events. The majority of liquid, rain-related WWAs occurred over SCA primarily during July-September (Fig. 3a) with a maximum frequency >45-60 yr -1 over NWS Public Forecast Zones encompassing the Transverse Ranges and desert regions (Fig. 3b) . Secondary maxima in liquid WWAs occurred over central-coastal California with a frequency of 20-30 yr -1 over NWS Public Forecast Zones encompassing the coastal ranges. Alternatively, the majority of the frozen, snow-related WWAs occurred over NCA primarily during December-March (Fig. 3a) with a maximum frequency >40-55 yr -1 over NWS Public Forecast Zones encompassing the higher terrain of the northern Sierra Nevada, Mt. Shasta, and Trinity Alps region (Fig. 3c ). Comparatively few WWAs occur over NCA or SCA during April-June (Fig. 3a) . 
b. WWAs associated with landfalling ARs
The 809, 506, and 655 unique WWA days over California, NCA, and SCA, respectively, overlapped with 363, 281, and 181 AR days. The seasonality of these concurrent WWA-AR days partitioned for liquid and frozen phenomena are shown in Fig. 4 (Neiman et al. 2008) The October-March cool season contained 404, 324, 223, 149, and 70 days when there were ≥1, ≥10, ≥25, ≥50, and ≥100 individual WWAs issued or upgraded across CA, respectively. These potentially increasingly "higher impact" WWA days (e.g., those with widespread or numerous hazards) are all associated with an increasing likelihood of an overlap with a landfalling AR day ( Table 2 ). The fraction of cool-season WWA-AR days increases from 67% for days with ≥1 WWA over California to 84% for days with ≥100 WWAs over California. Similar increases in the fraction of cool-season WWA-AR days from 72% to 88% and from 46% to 81% are observed regionally over NCA and SCA, respectively (not shown). These results suggest that such high-impact, cool-season WWA days are far more likely to occur in association with a landfalling AR across California than not.
c. Cool-season landfalling ARs of different intensity and WWAs
The AR catalog contained 847 unique OctoberMarch cool-season, landfalling AR days over California (i.e., at any of the 11 coastal latitudes). These can be partitioned into 824 unique landfalling AR days over NCA (i.e., inclusive of the six northern coastal latitudes) and 323 unique landfalling AR days over SCA (i.e., inclusive of the six southern coastal latitudes). These landfalling AR days are classified by daily maximum IVT magnitude and compared to the likelihood of at least one WWA across California, NCA, and SCA (Fig.  5) . Whereas landfalling ARs of at least minimal intensity (e.g., IVT magnitude ≥250 kg m -1 s -1 ) are associated with WWAs ~50% of the time for California and NCA, they are associated with WWAs >65% of the time for SCA. These likelihoods appear to reflect the variability of AR intensities as a function of latitude along the United States' West Coast (Rutz et al. 2014 ). In other words, an IVT magnitude ≥250 kg m -1 s -1 is far more uncommon over SCA than over NCA and is more likely to be associated with a WWA. As such, landfalling ARs with maximum IVT magnitudes ≥500 kg m (Fig. 6a) . These likelihoods increase to 40-45% and 15-20%, respectively, for landfalling ARs at 38°N with a daily maximum IVT magnitude ≥500 kg m -1 s -1 (Fig. 6b) . The difference between these likelihoods and the likelihood that any given Public Forecast Zone contains at least (Fig. 6c) . The likelihood is 15-35 percentage points higher than climatology for daily maximum IVT magnitudes ≥500 kg m -1 s -1 (Fig.  6d) . These results suggest that landfalling ARs with IVT magnitudes of 250-500 kg m -1 s -1 can double or triple the odds of high-impact weather (i.e., associated with at least one WWA) across Public Forecast Zones in northern and central California as compared to climatology.
A corresponding analysis at 33°N for SCA contained 223 and 28 unique October-March coolseason, landfalling AR days that featured a daily maximum IVT magnitude ≥250 kg m (Fig. 7a) . These likelihoods increase to >50-70% for landfalling ARs at 33°N with a daily maximum IVT magnitude ≥500 kg m -1 s -1 (Fig. 7b) . The likelihood of at least one WWA on days with landfalling ARs at 33°N is 20-30 percentage points higher (e.g., 36% as compared to 16%) than climatology for daily maximum IVT magnitudes ≥250 kg m -1 s -1 (Fig. 7c) . It is 40-60 percentage points higher than climatology for daily maximum IVT magnitudes ≥500 kg m -1 s -1 (Fig. 7d) . These results suggest that landfalling ARs with intensities of 250-500 kg m -1 s -1 can triple or quadruple the odds of high-impact weather Table 2 . Fraction of landfalling AR days that feature different numbers of WWAs over California by month, October-March cool season ("Cool"), April-September warm season ("Warm"), and by year ("All"). 
Discussion
The propensity for high-impact weather defined by NWS WWAs on days with landfalling ARs (e.g., 50-65%; Fig. 5 ) presented in this study agree with those of past studies of AR-related hazards. For example, landfalling ARs are associated with ~40-75% of extreme wind and precipitation events over 40% of the world's coastlines (Waliser and Guan 2017) , 31-65% of coastal western United States avalanche fatalities (Hatchet et al. 2017 ), ~64% of high-impact hydrological events (i.e., floods, flash floods, or debris flows) over northern California (Young et al. 2017) , 60-90% of extreme precipitation events (Oakley et al. 2018) known to produce shallow landslides, and 76-82% of San Francisco Bay Area landslides (Cordeira et al. 2018) . Future work is required to (1) apply these results to possible forecasting applications that may provide enhanced situational awareness and (2) investigate verification of these WWAs. For example, forecasts of IVT magnitudes at different latitudes along the West Coast and statistics derived from this (or similar, future) studies could be combined in real time to identify the historic likelihood of high-impact weather events (i.e., WWAs) over NWS Public Forecast Zones across the western United States and how likely they are to verify. Similarly, results presented on the propensity for high-impact weather on days with landfalling ARs in this study aggregated WWAs. Future work could subdivide these aggregated WWAs into individual hazards mentioned in this paper or additional hazards not mentioned in this paper (e.g., high winds). Such an analysis and application to forecasting might resemble the NWS "Experimental Enhanced Hazardous Weather Outlook" (nws.weather.gov/products/PDD/SGF_%20 EHWO_PDD_final.pdf), which displays qualitative risk (e.g., "limited," "elevated," "significant," "extreme") as a function of forecast time of hazardous weather (e.g., excessive heat, flooding, lightning) derived from quantitative thresholds of meteorological parameters.
Conclusions
The twin goals of this study sought to temporally and spatially assess the propensity for WWAs (i.e., highimpact weather) over California to occur on the same day as a landfalling AR and vice versa. A climatology of WWAs over 10 years demonstrated that a majority of WWAs in SCA are issued in association with rain events during the warm season, whereas a majority of WWAs in NCA are issued in association with snow events during the October-March cool season, with frequencies of 45-60 yr -1 over NWS Public Forecast Zones with notable topography (e.g., the northern Sierra Nevada in NCA and the Transverse Ranges in SCA; Figs. 2 and 3) . The fraction of cool-season WWA days with at least one WWA in both NCA and SCA that occur on the same day as a landfalling AR is 72% and 46%, respectively, whereas the fraction of April-September warm-season WWAs days with at least one WWA that occur on the same day as a landfalling AR is ≤25% (Fig.  4) . The fraction of high-impact, cool-season WWA days that occur on the same day as a landfalling AR increases from 72% to 88% over NCA and from 46% to 81% over SCA as the number of WWAs needed to qualify as a WWA increases (Table 2) . These results collectively suggest that higher-impact, cool-season WWA days are far more likely to occur in association with a landfalling ARs across California than not.
The fraction of cool-season landfalling ARs with IVT magnitudes ≥250 kg m -1 s -1 that are associated with at least one WWA was ~50% over NCA and ~65% over SCA (Fig. 5) . These fractions increase quasi-linearly to >75% over both regions associated with landfalling ARs with IVT magnitudes that increase to ≥750 kg m -1 s -1 . Cool-season landfalling ARs with IVT magnitudes ≥250 kg m -1 s -1 over the 10-year study period at 38°N generated ~20-25% likelihoods of at least one WWA in Public Forecast Zones across the northern Sierra Nevada and coastal ranges, increasing to ~40-45% for landfalling ARs with IVT magnitudes ≥500 kg m -1 s -1 (Fig. 6) . Similarly, landfalling ARs with IVT magnitudes ≥250 kg m -1 s -1 over the 10-year study period at 33°N generated ~25-35% likelihoods of at least one WWA in Public Forecast Zones across the Transverse Ranges, increasing to >50-75% for landfalling ARs with IVT magnitudes ≥500 kg m -1 s -1 (Fig. 7) . These results collectively suggest that landfalling ARs may not always occur in association with high-impact weather over California; however, landfalling ARs with IVT magnitudes ≥500-750 kg m -1 s -1 , especially over southern California, usually do occur in association with high-impact weather that necessitates a WWA by the NWS.
